A frequent manifestation of long-term glucocorticoid administration is the occurrence of posterior subcapsular cataracts. The molecular basis for this effect has not yet been elucidated. The addition of prednisolone to the rat lens in culture results in a time-and concentration-dependent lens opacification that correlates with the formation of covalent prednisolone-lens protein adducts. Prednisolone adduct formation was analyzed by [3H]prednisolone incorporation and by immunoprecipitation with antiserum specific for proteins modified by the nonenzymatic addition of prednisolone. In the rat lens, these adducts were localized in both the water-soluble and urea-soluble lens protein fractions. Gel electrophoresis and fluorography revealed that the most extensively modified proteins were two crystallins subunits. Lens proteins from 33 normal and cataractous human lenses were fractionated and analyzed for the presence of prednisolone-protein adducts by competitive radioimmunoassay. Adducts were detected only in those samples derived from glucocorticoid-induced cataractous lenses. We conclude that elevated glucocorticoid levels lead to the formation of glucocorticoid-lens protein adducts both in vitro and in vivo. Lens protein modification by glucocorticoids may lead to sufficient biochemical or structural alterations so as to result in cataract formation. The ability of glucocorticoids to form adducts with proteins in vivo also may play a role in some of the other toxic manifestations of longterm glucocorticoid therapy. In the rat lens, these adducts were localized in both the water-soluble and urea-soluble lens protein fractions. Gel electrophoresis and fluorography revealed that the most extensively modified proteins were two crystallins subunits. Lens proteins from 33 normal and cataractous human lenses were fractionated and analyzed for the presence of prednisolone-protein adducts by competitive radioimmunoassay. Adducts were detected only in those samples derived from glucocorticoid-induced cataractous lenses. We conclude that elevated glucocorticoid levels lead to the formation of glucocorticoid-lens protein adducts both in vitro and in vivo. Lens protein modification by glucocorticoids may lead to sufficient biochemical or structural alterations so as to result in cataract formation. The ability of glucocorticoids to form adducts with proteins in vivo also may play a role in some of the other toxic manifestations of long-term glucocorticoid therapy.
Introduction
One of the hallmarks of glucocorticoid toxicity is the development of bilateral posterior subcapsular cataracts (1) . The formation of these cataracts is a well-documented phenomenon (2, 3) and is observed in nearly all patients who receive 20 mg prednisone/d for 4 yr for the treatment of rheumatoid arthritis (4) . Cataractogenesis correlates well with the dosage and duration of therapy and generally halts after the withdrawal of steroids.
Glucocoticoid-binding proteins in the lens have been described (5, 6) , but the precise biochemical mechanism involved in cataract formation has not been found. We recently have demonstrated that steroids possessing a ketol moiety can react with protein amino groups to form stable covalent adducts (7) . The steroid-protein adduct is stable to dialysis and gel filtration, indicating that the off-rate is extremely slow. In the case of glucocorticoids, a Schiff base presumably forms at the C-20 carbonyl, and the C-21 hydroxyl then participates in Heyns rearrangement to produce a stable ketoamine product. Fig. I shows this proposed reaction scheme for the glucocorticoid prednisolone. This mechanism is analogous to the nonenzymatic reaction of 1 6a-hydroxyestrone with protein amino groups (7) , which recently has been shown to occur in vivo with membrane proteins (8) .
In this report we have investigated the possibility that elevated glucocorticoid levels lead to the formation of glucocorticoid-lens protein adducts and that these adducts correlate with the development of cataracts. Whole rate lenses, when incubated with prednisolone in vitro, were observed to develop opacification in a time-and concentration-dependent manner. The formation of prednisolone-protein adducts was detected in these lenses and analyzed by the incorporation of
[3H]prednisolone into lens proteins and by immunoprecipitation with antiserum specific for the prednisolone hapten. In a competitive radioimmunoassay with this same antiserum, glucocorticoid-modified proteins also were detected in enzymatic hydrolysates from glucocorticoid-induced cataractous human lenses.
Methods
Reagents and animals. Human serum albumin fraction V, cortisol, 17,B-estradiol, etiocholanolone, and prednisone were purchased from Sigma Chemical Co. (St. Louis, MO Figure 1 . The reaction scheme between the glucocorticoid, prednisolone, and the lysine residues of proteins, showing the adducts formed by the proposed Heyns rearrangement and by the addition of NaCNBH3.
Bq] was obtained from Amersham (Arlington Heights, IL) and stored at -20'C. Radiochemical purity was monitored by reverse-phase high performance liquid chromatography as described previously (7) . Male Sprague-Dawley rats (70-90 g) were obtained from Taconic Farms (Germantown, NY). Lens culture. Rat lenses were excised and washed at room temperature with medium 199 (Gibco Laboratories, Grand Island, NY) supplemented with 5% heat inactivated fetal bovine serum, 100 U/ml penicillin G, and 25 Ag/ml amphotericin B. Lenses were cultured on wire grids (9) in 1 X 3.5 cm tissue culture wells in medium 199 containing 5% heat-inactivated fetal calf serum and 100 U/ml penicillin Fractionation of lens proteins. Lens proteins were fractionated with modifications of the procedure described by Kramps et al. (10) . Three rat lenses were pooled in an ice-cold glass tissue homogenizer that contained 1.5 ml of 0.1 M Tris-HCl buffer, pH 7.4, and 0.02% NaN3.
The lenses were homogenized under a nitrogen stream with eight strokes of a ground glass pestle. The mixture was centrifuged at 20,000 g for 30 min at 4VC, and the supernatant solution (water-soluble fraction) stored at 4VC under nitrogen. The sediment was resuspended in 10 ml of 0.1 M Tris HCl buffer (pH 7.4), recentrifuged, and the supernatant removed. The washed sediment was then resuspended in 1.5 ml of 0.1 M Tris-HCI buffer (pH 7.4), containing 7 M urea and 0.02% NaN3. This material was vortexed at intervals and allowed to stand for 1 h at 4VC. After centrifugation as above, the supernatant solution (urea-soluble fraction) was stored under 100% N2 at 4VC. The urea-insoluble fraction was resuspended in 10 ml of the same buffer and washed one additional time. The amount of total protein in the soluble fractions was determined by the method of Bradford (11), using dye reagent supplied by Bio-Rad Laboratories (Richmond, CA) and lyopholized bovine serum albumin as a standard. Urea-insoluble protein was measured after solubilization in sodium dodecyl sulfate (SDS) and dialysis as described below.
Water-soluble and urea-soluble fractions were dialyzed overnight (cutoff, 3,500 mol wt) at room temperature against a buffer containing 0.1 M Tris-HCI, pH 6.8, 10 mM #-mercaptoethanol and 0.1% SDS.
The urea-insoluble fraction was first dissolved in a minimum volume of 10 mM Tris-HCl buffer (pH 6.8) containing 10 mM fl-mercaptoethanol, 1 mM EDTA, and 4% SDS before dialysis.
SDS-polyacrylamide gel electrophoresis. Dialyzed lens protein fractions were analyzed for radioactivity and total protein and then diluted 1:1 in a sample buffer containing 0.1 M Tris-HC1 buffer pH 6.8, 40% glycerol, 40 mM DTT, 2 mM EDTA, 1% SDS, and 0.02% bromophenol blue. The mixtures were heated at 100°C for 3 min. 25 Mg of protein containing -5,000 cpm of tritium was loaded on polyacrylamide slab gels containing 13% acrylamide and 0.35% bisacrylamide and electrophoresed in the presence of 0.1% SDS using the buffer system described by Laemmli (12) . The protein standard mixture (low molecular weight) was obtained from Bio-Rad Laboratories. Gels were stained for protein with Coomassie Brilliant Blue R-250 and then fluorographed (13) to localize tritium incorporation. Exposures were performed at -80°C with Kodak X-OMAT AR5 X-ray film (Eastman Kodak Co., Rochester, NY).
Radioimmunoassay procedure. Synthetic prednisolone-protein adducts were prepared using methods described previously for the synthesis of 16a-hydroxyestrone modified albumin (14) . Briefly, 50 Ml of a 12.6-mg/ml solution of prednisolone was added to a 0.45-ml solution of human serum albumin in 50 mM potassium phosphate buffer, pH 7.4 (15) .
Noncovalently bound material was removed from human lens protein fractions by dialysis against a buffer containing SDS (described below), or by extraction with ethyl ether (three times). The efficiency of extraction was estimated by adding a standard amount of [3H]prednisolone (3,000 cpm) to the protein fraction and counting the extractable tritium. Recoveries of >95% of the added tritium were consistently observed. A portion of the lens protein fraction was subjected to radioimmunoassay while another portion was assayed after digestion with proteinase K (described below). Identical values were obtained with the dialyzed and the ether-extracted protein samples.
Immunoprecipitation ofcultured rat lens proteins. Dialyzed protein fractions were obtained from lenses cultured in the presence of
[3H]prenisolone and digested by incubating a 50-Al aliquot with 50 gl of 1 mg/ml proteinase K at 370C (described below). The reaction was terminated after 1 h by adding 100 gl of 0.1 M Tris-HCl buffer, pH 7.4 containing 7 M urea and 0.02% NaN3. 200 gl of antiserum (1:3,000) was then added to each sample. The blank samples contained normal rabbit serum at the same dilution. Samples were incubated at 4°C for 10 h. Bound material was separated by adding 0.8 ml of a saturated ammonium sulphate solution and collecting the precipitate by centrifugation for 10 min in an Eppendorf microfuge (model 1514, Brinkmann, Westbury, NY). Aliquots from the soluble fraction were removed and analyzed for radioactivity by liquid scintillation counting.
Enzymatic hydrolysis. Water-soluble proteins were digested by adding 5 mg of protein to an equal volume of digestion buffer (0.1 M Tris-HCI, pH 8.8 containing 1 mM EDTA and 1 mM DTT) and adding 1 mg/ml proteinase K (16). The urea-soluble fraction was digested by first adding a twofold volume excess of 0.1 M Tris-HCl buffer, pH 8.8. This dilution reduces the urea concentration to a degree that does not inhibit protease activity. The urea-insoluble fractions were solubilized by resuspending in 1 ml of the digestion buffer containing proteinase K. All digestions were carried out at 370C. The extent of digestion was estimated by the generation of ninhydrin positive material (17) . Proteolysis was judged to be complete at 1 h. The reactions were terminated by adding 1 ml of 0.1 M Tris-HCl containing 7 M urea. Aliquots of digested samples were then subjected to radioimmunoassay and immunoprecipitation as described above.
Human lens specimens. Normal human lenses were obtained from the Eye-Bank for Sight Restoration, Inc. (New York, NY). The assayed samples (n = 9) were from individuals aged 41 to 69 yr. The diabetic (n = 5), traumatic (n = 1), and senile (n = 11) cataractous lenses were from the New York Hospital, Department of Surgical Pathology. The diabetic cataracts were from patients of ages 59 to 62 years. Three of these lenses were from individuals with type 1 diabetes mellitus who also suffered from complications of retinopathy and nephropathy. The senile cataracts were obtained from patients of ages 59 to 87 yr. No additional conditions known to contribute to cataract formation were present in these cases.
The glucocorticoid-induced cataractous lenses (n = 7) were the generous gifts of Drs. A. J. Bron, J. J. Harding, and V. Monnier. Relevant clinical information is summarized below.
Lens A. A 67-yr-old male patient with rheumatoid arthritis and chronic bronchitis received 5-7.5 mg prednisolone/d for at least 10 yr. In addition, this patient received 7.5 mg cortisone/d for 1 yr. Other likely steroid-induced complications included glaucoma and peptic ulcer. Lens B. A 72-yr-old female patient with sarcoidosis received an ophthalmic preparation of 0.125% prednisolone phosphate two times per day for -8 yr. This patient also suffered from glaucoma. Lens C. A 73-yr-old female with rheumatoid arthritis received a minimum of 5 mg of prednisolone per day for 5 yr. During this time the patient also received alternate day therapy of 0.6 mg of betamethasone. Lens D. A 61-yr-old male with bronchial asthma received a minimum of 10 mg of prednisolone per day for more than 10 yr. Lens E. A 74-yrold male with bronchial asthma received a minimum of 5 mg of prednisolone for 5 yr. Lens F. A 56-yr-old female patient with rheumatoid arthritis and anterior uveitis received an ophthalmic preparation of 0.125% prednisolone phosphate four times per day for 2 yr. In addition, dexamethasone ointment was given three times per day for 2 yr. Lens G. A 75-yr-old female patient with bronchial asthma, glaucoma, and diabetes mellitus (type II). This patient received 2.5 mg of prednisolone for 5 yr.
In all cases, nuclear sclerosis and posterior subcapsular changes were evident by ophthalmological examination. Lenses A-C were lyophilized and stored at 4°C. Lenses D-G were received whole and stored at -20°C.
Results
The interaction of lenses with glucocorticoids was studied initially in an in vitro system using whole, explanted rat lenses cultured with varying amounts of glucocorticoids. In the presence of 5 to 50 nM prednisolone, an opacification developed in the lenses in a time-and concentration-dependent manner. In contrast, no morphological changes could be detected under similar incubation with 5 to 50 nM of 4-pregnen-11/3,17a,20a,2 I-tetrol-3-one, a non-ketolic analogue in which the C-20 carbonyl is reduced to a hydroxyl group. Figure 2 shows the appearance of three representative lenses after 11 d of culture. Lens A shows no opacification and is typical of lenses incubated without prednisolone or with pregnen-tetrolone. Lenses B and C were incubated with 5 and 50 nM prednisolone, respectively, and show a centrally located opacification that increases with prednisolone concentration. Morphological changes in the cultured embryonic chick lens also have been reported to be induced by high concentrations (1 mM) of prednisolone (18) . Single lenses that were incubated with 50 nM prednisolone were removed at intervals and the total proteins extracted into water-soluble, urea-soluble, and urea-insoluble fractions. As a function of time in culture, there is a decrease in the amount of water-soluble proteins and a commensurate increase in the amounts of urea-soluble and urea-insoluble proteins (Fig. 3) .
Previous studies have demonstrated that glucocorticoids can react directly with lysine residues to form covalent addition products with albumin (7). The possibility that glucocorticoids might form covalent adducts with proteins in the intact rat lens was analyzed by culturing lenses in the presence of 5 nM
[3H]prednisolone. These lenses were then fractionated into water-soluble and urea-soluble fractions as described in Methods. After dialysis against a buffer containing 0.1% SDS, these fractions were analyzed for protein content and incorporated radioactivity. Figure 4 shows that there is a time-dependent increase in protein-associated prednisolone in the water-soluble and urea-soluble lens fractions. By 11 d, the urea-soluble proteins contain somewhat more incorporated tritium than the proteins in the water-soluble fraction. Figure 4 also shows that in each fraction, virtually all the incorporated radioactivity is precipitable with antisera specific for proteins modified by prednisolone (described below). Therefore, the occurrence of tritiated proteins must be due to covalent modification by [3H]prednisolone, and not to [3H]prednisolone metabolism with subsequent incorporation of the tritiated intermediates into newly synthesized macromolecules.
The water-soluble, urea-soluble, and urea-insoluble extracts were then electrophoresed under denaturing conditions in the presence of 0.1% SDS. Figure 5 higher specific radioactivity than the labeled water-soluble proteins, and the incorporation of tritium into both protein fractions increases with incubation time. These results confirm the observations shown in Fig. 4 To detect prednisolone-protein adducts that form in vivo, we prepared polyclonal antisera to albumin modified by the nonenzymatic addition of prednisolone. In a previous study, high titer specific antisera was prepared against albumin modified in vitro by the estrogen, 16a-hydroxyestrone (14 
Discussion
Previous studies (7) have shown that steroids containing a ketol moiety, e.g., cortisol and 16a-hydroxyestrone, can form stable, covalent adducts with protein amino groups. Using the phenomenon of nonenzymatic glycosylation as a model (21), it is apparent that long-lived proteins would be particularly vulnerable to the accumulation of steroid protein adducts. The fact that lens proteins have a low turnover rate (22) , and that glucocorticoids appear to induce cataracts as an integral function of time and steroid dose (23) , led us to investigate the possibility that glucocorticoid-protein adducts occur in the lens as a consequence of long-term glucocorticoid administration. The formation of these adducts, in turn, might be involved in the pathogenesis of steroid-induced cataracts.
Prednisolone was chosen for study as a model glucocorticoid. Cultured rat lenses were found to develop marked opacification when exposed to prednisolone over a range of 5 to 50 nM. In contrast, no changes could be induced by the non-ketolic derivative 4-pregnen-1 1f, 17a,20a,2 1-tetrol-3-one. The development of opacification was accompanied by a decrease in the amount of water-soluble protein present in the lens. Morphologically, this opacification was centrally located and increased in size in a time-and concentration-dependent manner. This appearance differs from the posterior subcapsular changes that occur in the human in vivo. The occurrence of posterior changes has been attributed to a number of factors, such as the accumulation of the toxic agent in the vitreous or the attenuation of the epithelium with its basement membrane at the posterior pole, leading to a more facile penetration of the agent into the lens (24, 25) . In an in vitro situation, the normal anatomic orientation of the lens is lost and the development of opacification may not exactly parallel the in vivo changes. We are currently attempting to define the precise anatomic localization of prednisolone adducts in these lenses. Recently, we have succeeded in inducing specific posterior subcapsular changes in the rabbit by the intravitreal injection of prednisolone. These lenses also show measurable levels of prednisolone-protein adducts (Bucala, R., M. Gallati, E. Cottier, and A. Cerami, submitted for publication). The first is that prednisolone may concentrate in the hydrophobic environment of the membrane and react preferentially with proximal membrane proteins. In a previous study, the estrogen 1 6a-hydroxyestrone was found to react preferentially with cell membrane proteins when added in vitro to whole blood (8) . The second possibility is that soluble crystallins, once modified by prednisolone, may undergo structural alterations that lead to precipitation and association with membranes. This possibility would account for the decrease in water-soluble protein that was observed to occur during prednisolone induced cataract formation in vitro. In the human lens prednisolone-protein adducts were detected only in the urea-soluble fraction. This may reflect fundamental biochemical differences between proteins in the rat and the human lens, or more likely, the preferential accumulation of stable prednisolone-protein adducts in the urea-soluble proteins over longterm exposure.
Although crystalline subunits were the only proteins observed by fluorography to be labeled by [3H~prednisolone, we cannot exclude the possibility that it is the modification of other proteins, present in much smaller amounts, which leads directly to cataract formation. The modification and inactivation of key metabolic enzymes or of membrane-associated ionophores, for example, might cause osmotic changes and produce the gross morphological appearance of cataracts.
To detect the occurrence of lens protein modified by prednisolone in vivo, a radioimmunoassay was developed for the measurement of prednisolone-protein addition products. Antisera was raised against a synthetic prednisolone-albumin conjugate and used in a competition radioimmunoassay with [3H]prednisolone. The antisera was found to be most specific for free prednisolone and for prednisolone covalently linked to proteins and small peptides. Lens proteins from 33 normal and cataractous human lenses were fractionated into water-soluble, urea-soluble, and urea-insoluble extracts. After removing low molecular weight material, the proteins were digested with proteinase K and subjected to radioimmunoassay. Binding activity was observed in the urea-soluble proteins of five of the seven steroid-induced cataractous lenses assayed.
The cataractous lenses analyzed were from patients who had received relatively low doses of corticosteroids (-10 mg/ d) for a varying number of years. The highest measured levels of prednisolone-protein adducts were from two patients (A and B) who had been treated with prednisolone for >8 yr. Of interest is that patient B had received only an ophthalmic preparation of prednisolone, demonstrating that topical as well as systemic routes of administration can lead to adduct formation in vivo. The two steroid-induced cataractous lenses (F and G) that did not display antibody binding activity were obtained from patients who had received the lowest cumulative dose of glucocorticoids of the lenses assayed. Presumably, these lenses had levels of steroid adducts that were below the sensitivity of our radioimmunoassay (0.33 pmol prednisolone equivalents).
Modification levels of 5-67 pmol prednisolone/mg protein were observed in the human lens specimens. The identity of the proteins modified by prednisolone in the human lens remains to be determined. As in the case of the in vitro cataract, it is possible that the modification of a minor, but metabolically important protein species is the event that leads to cataract formation. In the cultured rat lens, visible lens changes were associated with a modification level of 1-10 pmol/mg urea-soluble protein. Thus, macroscopic lens changes in both the cultured rat lens and the human lens are associated with approximately an equivalent degree of protein modification. The differences observed in the amount of steroid-protein adducts present in the human cataractous lenses is most likely the result of exposure to different cumulative doses of prednisolone. Other factors may play an important role in the onset of lens opacification. These include inherent biochemical differences in the susceptibility of the lens to protein modification, or in the ability of the lens to remain transparent despite high levels of protein modification. The simultaneous accumulation of other covalent addition products, perhaps as a result of nonenzymatic glycosylation or carbamylation, may influence the course of lens opacification. The report of a more rapid onset of unilateral cataract in the eye of diabetic patients who had been treated with glucocorticoids points to the possible additive effect of agents that can covalently modify proteins (26) .
In conclusion, we have shown that prednisolone-protein adducts occur in the lens as a consequence of exposure to high levels of prednisolone in vitro and in vivo. The formation of these adducts correlates with the development of prednisolone-induced cataracts in the cultured rat lens and in the human lens. Further study is required to elucidate how these adducts might contribute to the lens changes that occur during cataractogenesis. Of significance is the possibility that glucocorticoid-protein adduct formation may play a role in other toxic manifestations of long-term glucocorticoid therapy.
